Abstract: PbS quantum dots are promising active emitters for use with high-quality Si nanophotonic devices in the telecommunications-band. Measurements of low quantum dot densities are limited both because of low fluorescence levels and the challenges of single photon detection at these wavelengths. Here, we report on methods using a fiber taper waveguide to efficiently extract PbS quantum dot photoluminescence. Temperature dependent ensemble measurements reveal an increase in emitted photons concomitant with an increase in excited-state lifetime from 58.9 ns at 293 K to 657 ns at 40 K. Measurements are also performed on quantum dots on high-Q (> 10 5 ) microdisks using cavity-resonant, pulsed excitation. 
Introduction
Lead-salt colloidal quantum dots (QDs) [1] such as PbS QDs are interesting active emitters due to the fact that they can be integrated with high quality, Si-based nanophotonic devices designed to operate near 1550 nm [2, 3] . These devices can potentially be used for applications such as ultra-low threshold lasers [4] as well as fundamental studies of light-matter interaction [5] . While significant strides along these lines have been made with self-assembled InAs QDs embedded in GaAs-based devices [6, 7] , the optical quality factors (Qs) obtained are usually an order of magnitude lower [8] than what can be achieved in Si, SiO 2 , or SiN [2] . In addition, the fabrication of electronic and micromechanical systems in Si-based materials is much more mature than in GaAs. Thus, the introduction of an active emitter with Si-based optical microcavities and waveguides is a very active field of research [9, 10] . In contrast to InAs quantum dots, PbS QDs have longer radiative lifetimes by 2 to 3 orders of magnitude [11] and reduced quantum efficiencies by 1 to 2 orders of magnitude when dried [12] , yielding a photon emission rate that is as much as five orders of magnitude worse. Combined with the challenges of single-photon detection in the near-infrared [13] , performing spectroscopic measurements of low densities of PbS QDs can be difficult and photon collection efficiencies must be as high as possible.
Previous work [14, 15, 16, 17] with lead-salt QDs on microcavities has focused on using free-space optics and microscope objectives to collect emission, but this is limited by the planar geometry of the microcavities. Recently, it was shown that coupling to photonic crystal cavities through a fiber taper waveguide is an efficient method to extract emitted photons [18] . In addition, it was demonstrated that the QDs did not degrade the Q of the cavity up to Q ≈ 3 × 10 4 . Here, we present further spectroscopic techniques for PbS QDs based upon efficient collection using a fiber taper waveguide (FTW). In particular, we perform cryogenic photoluminescence (PL) studies of low-densities of QDs dried directly onto an FTW, enabling efficient measurement in a range of environmental conditions. Also, we demonstrate PL and time-resolved PL measurements of QDs dried onto Si microdisk cavities and show that Qs up to 10 5 are unaffected by the QDs. As discussed in the last section of this letter, single PbS QD measurements, like those performed on InAs QDs, will be quite challenging due to the aforementioned detection difficulties and use of the techniques described here will be necessary to make such experiments more feasible.
Experimental Setup
The PbS QDs used here are chemically synthesized and stored in a solution of chloroform [19] . Per the manufacturer's specification in solution, these QDs are 5.3 nm ± 0.5 nm in diameter and have strong optical absorption from 400 nm to 1400 nm. The peak in the emission spectrum in solution is expected near 1450 nm with a width of 150 nm. Experiments are performed using a fiber taper waveguide [3] , which is a single mode optical fiber whose diameter has been adiabatically reduced from 125 µm to ≈ 1 µm over a length of 10 mm by heating with a hydrogen torch. Typical losses due to fabrication are less than 0.5 dB. Light propagating through the FTW is used to evanescently excite photoluminescence (PL) from PbS QDs or to probe cavity resonances in Si microdisk structures. Because the FTW begins and terminates as single mode fiber, a variety of tunable laser sources can be easily introduced with a wavelength division multiplexer into the setup as shown in Fig. 1 . Each source is required for a different measurement. The 960 nm to 996 nm laser is used to generate excitons far above the photoluminescence at 1500 nm, enabling measurement of the complete emission spectrum. The 1270 nm to 1330 nm laser is used for both CW excitation and pulsed excitation for time-resolved measurements. The 1520 nm to 1630 nm laser is used to measure microdisk cavity resonances in transmission near the emission band of the QDs.
After variable optical attenuation, the sources are introduced through fiber feedthroughs into one of two setups. The first is a liquid He flow cryostat for measurements of PbS QDs on FTWs as a function of temperature, while the second is a N 2 -rich room temperature enclosure for measurements of PbS QDs dried onto optical cavities. Temperature measurements are performed in the cryostat using a silicon diode attached adjacent to the copper mount holding the FTW. The FTW is controlled within the room temperature enclosure with high resolution (50 nm minimum step size) stages to enable accurate positioning with respect to microdisk cavities. For transmission measurements, the signal is measured directly with an InGaAs photodiode. For PL measurements, the signal is measured using a monochromator with a liquid-nitrogencooled InGaAs array or an InGaAs/InGaP single photon counting avalanche photodiode (APD). The pulsed source near 1300 nm required for time-resolved measurements is created using an electro-optic intensity modulator driven by a pulse generator. These instruments combine to create wavelength-tunable (1300 nm to 1320 nm) 22.8 fJ, 2.1 ns pulses at a user-defined repe- tition rate of 1 KHz to 1 MHz with an on/off extinction ratio of 28.1 dB. It is important to note that a standard Ti:sapphire pulsed laser would be inappropriate for the measurement because the typical repetition rate (80 MHz) is too fast compared to the expected decay time of QDs (100 ns to 1 µs) and the EOM-based pulsed excitation offers substantially greater flexibility in repetition rate, wavelength, and pulse length. Using an faster pulse generator it would be possible to create pulses as short as 100 ps, making future Purcell effect measurements possible. Because the APD must run in a gated-detection mode, the detection gate is synchronized to the arrival of the optical pulse with a delay generator triggered by the pulse generator as shown in Fig. 1 . Time-resolved measurements are accomplished by changing the delay of the APD gating with respect to the arrival of the PL pulse and integrating the counts for a specified time. If the expected decay times were shorter than the width of the APD gate (100 ns maximum), the measurement could be performed in a multi-channel way using a standard time-correlated counting board.
Cryogenic and Time-resolved Measurements of PbS QDs dried on FTW
In the first set of measurements, PbS QDs in chloroform solution are diluted to a concentration of 0.5 mg/mL. Then, ≈10 µL drops are dried on a glass slide overlayed with the FTW, resulting in a low density (≈ 1000 µm −2 as measured by scanning electron microscopy) drying onto the FTW. Previous theoretical [20, 21] and experimental work [22, 23, 24] has shown that FTWs can be efficient channels for the collection of spontaneous emission from nearby, opticallyactive sources such as atoms, ions, or QDs. In fact, it was shown theoretically [20] that an optimally-sized FTW of diameter ≈ λ /4 could collect approximately 28 % of the total light from a nearby emitter. In the experiments here, the FTW is used both for efficient evanescent excitation and collection of subsequent PL. The FTW is tapered to a nearly-optimal diameter of ≈450 nm, see Fig. 2a , to optimize collection efficiency near 1500 nm while minimizing scattering loss. For the FTW shown in Fig. 2a , the loss induced by the tapering was ≈5 dB, much more than for a diameter of 1 µm (0.5 dB), and is due to a breakdown of adiabaticity at these small length scales. The FTW with PbS QDs is loaded into the He-flow cryostat for PL measurements at 293 K, 185 K, and 40 K. PL spectroscopy is performed by exciting the PbS QDs at 980 nm or 1310 nm and measuring the emitted photons with the InGaAs array after spectral dispersion by a monochromator as shown in Fig. 1 . A complete 40 K PL spectrum excited by 6.7 mW at 980 nm is shown in Fig. 2b and shows 1500 nm with a width ≈ 175 nm. For comparison at different temperatures, the total collected PL with λ > 1400 nm excited by 1 µW (blue) and 10 µW (maroon) at 1310 nm is shown in Fig. 2c for temperatures of 40 K, 185 K, and 293 K. The data clearly show increasing PL count rates for decreasing temperatures. Along with the increase in count rates, the center wavelength was measured to shift slightly to longer wavelengths with decreasing temperature, an effect that has been previously measured for the PbS QDs [25] , and serves to verify the temperature assignments.
To further investigate the dynamics of photoluminescence in these QDs at different temperatures, APDs used in conjunction with 190 kHz pulsed excitation at 1310 nm (see Fig. 1 ) enabled measurement of the excited state lifetime as shown for each temperature in Fig. 2d , where photon counts for λ > 1400 nm, are displayed as a function of the delay between the arrival of the optical pulse and the gating of the APD. Each point on the curve was sequentially obtained after 2 s of integration time, followed by a 2 s dark count only measurement for background subtraction. As shown clearly in Fig. 2d , the exponential decay of the excited population changes drastically with temperature resulting in extracted lifetimes (errors given by 95 % confidence interval) of 58.9 ns ± 3.7 ns, 189.1 ns ± 4.4 ns, and 657 ns ± 10 ns for 293 K, 185 K, and 40 K respectively. The simultaneous increase in the measured count rates with an increase in lifetime for decreasing temperatures is strongly indicative of a significant non-radiative decay channel that decreases with temperature. Notably, the data does not fit well to the temperature dependence of multi-phonon relaxation [26] arising from coupling to longitudinal-optical (LO) phonons in PbS at E LO = 26 meV [25] , which indicates some other form of energy transfer. Such energy transfer effects are common phenomena in other solid-state optical emitters and somewhat limits their utility at room-temperature. Specifically, fundamental light-matter studies need to be performed at temperatures with the best possible quantum coherence. 
Time-resolved Measurements of PbS QDs on Si Microdisks
To investigate coupling to cavities, a low density of PbS QDs were spun directly onto a wafer containing 4.5 µm diameter Si microdisk cavities. These cavities were fabricated using standard silicon-on-insulator processing with a 250 nm thick device layer. An SEM of the surface of one such microdisk is shown in Fig. 3a after PbS QD spin, resulting in a QD density of approximately 2000 µm −2 . In order to determine the optical quality factors, the FTW was positioned in the near-field of the cavities to enable efficient, resonant interaction with light propagating down the fiber. As in Fig. 1 , a tunable 1500 nm band laser was swept in wavelength, coupled to the microdisk via the FTW, and measured with a low-noise InGaAs photodiode. The resulting transmission as a function of wavelength from 1520 nm to 1630 nm is shown in Fig. 3b , where several sharp modes are clearly visible. For this particular cavity, Qs ranged from 5 × 10 3 to 1.1 × 10 5 (in green near 1550 nm). The best measured Qs (device not shown) were 2 × 10 5 and were likely limited by sidewall roughness induced in the etching procedure. Errors in fitted Q values arise from fitting the data and are smaller than the last given digit. Similar to [18] , microdisks were measured before and after QD deposition to determine if there was any effect on the Q factor. Up to Q ≈ 2 × 10 5 , there was no measurable Q degradation caused by the presence of the QDs.
Because of the rich mode structure of the disk and the optical properties of Si, high-Q modes can be measured into the absorption band of the QDs and down to 1200 nm. One such mode is shown in transmission in the inset of Fig.3c with Q ≈ 9 × 10 3 . The FTW enables efficient coupling to this mode with coupling depth ∆T = 0.92 ± 0.02, just short of critical coupling, ensuring almost complete transfer of power. By pumping on this mode, only QDs on the circumference of the disk are excited by the circulating pump. The 1300 nm tunable laser combined with the EOM enable cavity-resonant pulsed excitation. Using 2.1 ns pulses at 1304 nm (resonant with the mode) with 1 MHz repetition rate, the QDs emit a PL signal under 79 nW of average power as shown in the spectrum in Fig. 3c . The significant reduction in average power required to obtain a bright PL spectrum is due to the buildup of power in the cavity mode. In the spectrum, the modes of the microdisk in the emission band are clearly visible and dress the broad PL signal of the QDs. Incorporation of the gated APD and requisite timing electronics enables a time-resolved measurement of the PL decay as shown in Fig. 3d . The lifetime extracted from this room-temperature measurement is 160 ns ± 20 ns. This lifetime is longer than that measured for the QDs dried directly on the FTW at room-temperature, but is of the same order of magnitude. In general for these QDs, we measure markedly different excited state lifetimes for different samples. This implies strong density-dependent or environmentally-dependent decay dynamics such as Förster resonant energy transfer (FRET) [27] . These effects need to be investigated further and will be the focus of future work.
Discussion and Conclusion
We have demonstrated techniques for efficient collection of photons emitted by PbS QDs in the 1.5 µm band using FTWs in different environments as well as on microdisk cavities. Using these collection strategies, it is an important exercise to consider if it is experimentally feasible to detect the single photon emission from a single PbS QD in a lifetime measurement and in a Hanbury-Brown and Twiss setup, much like what is done with InAs QDs. In the collection geometries presented here, the fraction of spontaneous emission collected in the measurement mode should be on the order of 1 % to 28 % [20] , neglecting any substantial Purcell enhancement. Coupled with assumed radiative lifetimes as long as 700 ns, photoluminescence photon rates from a single PbS QD should reach as high as ≈ 2 × 10 5 s −1 under saturated continuous wave excitation if the radiative efficiency at low temperature approaches unity. However, these seemingly high count rates are mitigated by the difficulties of single photon detection in the near-infrared [13] . In particular, for the InGaAs APD used in our experiments, the optimum detection parameters for a single-channel lifetime measurement like that found in Fig. 2d and Fig. 3d are a 20 % detection efficiency, 100 ns gate width, and 10 µs dead time for a 1 MHz trigger rate. These settings have a dark count rate of ≈ 1.7 × 10 3 s −1 , yielding a signal to noise ratio of ≈35.4 Hz −1/2 . Experimentally, this means that the excited-state decay will be observed with a dynamic range of 35.4 if each temporal point is integrated for 1 s, corresponding to a measurable decay over a time period of ≈ 3.5 times the decay constant. Compared to an upconversion, multi-channel Si APD measurement for InAs QDs, the dynamic range is approximately a factor of 30 times worse [28] .
More important than a lifetime measurement is that of the second order intensity correlation g 2 (τ), where g (2) (τ) = a † (t)a † (t + τ)a(t + τ)a(t) a † (t + τ)a(t + τ) a † (t)a(t)
and a (a † ) is the photon annihilation (creation) operator, which yields information about the non-classicality of the emitted photon stream. Specifically, a measured value of g (2) (0) < 0.5 proves that the field is dominantly composed of single photons. Using a standard HanburyBrown and Twiss setup, a minimum measurable g (2) (0) value for a PbS QD would be ≈0.60 using a 10 % detection efficiency, 2.5 ns gate width, and 10 µs dead time for a 1 MHz trigger rate. While this is a reasonably low value (proving the field is non-classical but not single photon), the signal to noise under these measurement conditions is only ≈ 0.011 Hz −1/2 , requiring more than two hours of integration time to achieve unity signal to noise. A signal to noise of
